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Dysregulation of hepatic glucose production (HGP)
serves as a major underlying mechanism for the patho-
genesis of type 2 diabetes. The pancreatic hormone
glucagon increases and insulin suppresses HGP, con-
trolling blood glucose homeostasis. The forkhead tran-
scription factor Foxo1 promotes HGP through increasing
expression of genes encoding the rate-limiting enzymes
responsible for gluconeogenesis. We previously estab-
lished that insulin suppresses Foxo1 by Akt-mediated
phosphorylation of Foxo1 at Ser256 in human hepato-
cytes. In this study, we found a novel Foxo1 regulatory
mechanism by glucagon, which promotes Foxo1 nuclear
translocation and stability via cAMP- and protein kinase
A–dependent phosphorylation of Foxo1 at Ser276.
Replacing Foxo1-S276 with alanine (A) or aspartate (D)
to block or mimic phosphorylation, respectively, mark-
edly regulates Foxo1 stability and nuclear localization
in human hepatocytes. To establish in vivo function of
Foxo1-Ser276 phosphorylation in glucose metabolism, we
generated Foxo1-S273A and Foxo1-S273D knock-in (KI)
mice. The KI mice displayed impaired blood glucose ho-
meostasis, as well as the basal and glucagon-mediated
HGP in hepatocytes. Thus, Foxo1-Ser276 is a new target
site identified in the control of Foxo1 bioactivity and as-
sociated metabolic diseases.

Glucagon and insulin are the most important pancreatic
hormones in target tissues, such as liver, in control of glu-
cose homeostasis in the body in response to food intake
(1,2). During the fasting state, glucagon is secreted from

the pancreatic a-cells to elevate blood glucose through
stimulation of gluconeogenesis and glycogenolysis, pro-
tecting the body from hypoglycemia (3). However, an
excess of blood glucagon level is present in animals and
patients with diabetes, stimulating excessive hepatic glu-
coneogenesis and contributing to diabetic hyperglycemia
(1,4–7).

Glucagon exerts its function through binding to the
glucagon receptor (GCGR), a G-protein–coupled receptor.
Upon binding to glucagon, GCGR in the cell membrane
activates adenylate cyclase to elevate intracellular cAMP
and subsequently activates protein kinase A (PKA) signal-
ing (1,2). PKA regulates the metabolic enzymes or gene ex-
pression for glycogenolysis and gluconeogenesis, including
glycogen phosphorylase, glucose-6-phosphatase catalytic
subunit (G6pc), and phosphoenolpyruvate carboxykinase-
1 (Pck1) (8), increasing blood glucose. Importantly, recent
studies demonstrated that inhibition of GCGR by a genetic
approach or chemical administration in mice signifi-
cantly decreases the blood glucose and completely pre-
vents streptozotocin-induced hyperglycemia in type 1 diabetes
(1), suggesting that glucagon-mediated hepatic glucose
production (HGP) or gluconeogenesis is a potential target
for therapeutic intervention of diabetes (9,10).

Gluconeogenesis is suppressed by insulin involved in
the gene transcriptional regulation in the nucleus. Foxo1,
a member of the Foxo family, is an important component
of insulin-signaling cascades in regulating cellular growth,
differentiation, and metabolism (11). Our and other stud-
ies demonstrated that Foxo1 enhances gene transcription
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of the rate-limiting enzymes responsible for gluconeo-
genesis, including G6pc and Pck1, through interaction
with a conserved insulin-responsive element on the pro-
moter region of the target genes (12–14), and increases
HGP (11,15–17). However, insulin suppresses Foxo1 by
the insulin receptor substrate 1 and 2 (IRS1 and 2)–
dependent activation of Akt that phosphorylates Foxo1
at Ser256 in human hepatocytes, which is equivalent to
mouse Foxo-S253, promoting Foxo1 nuclear export
and/or degradation and then decreasing HGP and blood
glucose (18–21).

Foxo1 protein is stabilized in the liver of fasting mice
when insulin decreases and glucagon increases in the
blood circulation. Our early studies indicate that Foxo1
may partially mediate the effect of cAMP, a second
messenger of glucagon, or glucocorticoid-induced ex-
pression of genes encoding gluconeogenic enzymes,
such as G6pc and Pck1 (22,23). Recently, a calcium-sensing
enzyme, Ca21/calmodulin-dependent protein kinase II
(CaMKII), is shown to increase seven non-Akt phosphor-
ylation sites of Foxo1, mediating the action of glucagon
and cAMP signaling and enhancing Foxo1 nuclear locali-
zation and HGP, but detailed phosphorylation sites in-
volved in glucagon or cAMP signaling remain elusive
in vivo (24). In this study, we hypothesize that Foxo1
may play a role in the action of glucagon in control of HGP
or gluconeogenesis and investigated the molecular and
physiological mechanism of Foxo1 regulation by glucagon
via PKA with the aim of better understanding the funda-
mentals of blood glucose homeostasis and pathogenesis
of diabetes.

RESEARCH DESIGN AND METHODS

In Vitro Kinase Assay and Liquid
Chromatography–Mass Spectrometry
To determine whether Foxo1 is directly phosphorylated by
PKA, we performed in vitro kinase assay, in which 20 mg of
recombinant Foxo1–glutathione-S-transferase (GST) fusion
protein was purchased from Millipore Inc. as previously
described (18). The purified Foxo1-GST recombinant pro-
tein was incubated with 5 units of recombinant catalytic
subunit of PKA (PKAc; Upstate Biotechnology) for 1 h,
at 30°C, in 50 mL reaction buffer (25 mmol/L Tris-HCl,
pH 7, 1 mmol/L EGTA, 0.5 mmol/L EDTA, 0.5 mmol/L
b-mercaptoethanol, and 3 mmol/L magnesium acetate)
with or without 0.1 mmol/L ATP. The protein bands of
interest in the SDS-PAGE gel were incised and prepared
for liquid chromatography–mass spectrometry (LC-MS)
analysis, as described in the Supplementary Data.

DNA Mutagenesis
Plasmid DNA expressing human Foxo1-WT (wild-type)
was previously described (12). Oligos specific for human
Foxo1-S153A, Foxo1-S153D, Foxo1-S276A, or Foxo1-
S276D were designed, the QuickChange Site-Directed Muta-
genesis kit was purchased (Stratagene, La Jolla, CA), and
mutant sites were confirmed by DNA sequencing.

Mice
All animal experiments were performed according to pro-
cedures approved by the Texas A&M University Institu-
tional Animal Care and Use Committee. The floxed Foxo1
mice (Foxo1L/L) (25) and albumin-Cre mice were previ-
ously described (26). All of the mice on a C57BL/6 and
129 Sv mixed background were maintained on regular
chow (Isopro 5P76; Prolab). Foxo1-S273A and Foxo1-
S273D knock-in (KI) mice were generated using the
CRISPR/Cas9 approaches (27) and the microinjection
and mouse colonies production performed by Cyagen
Biosciences Inc. (Santa Clara, CA; contract number:
NTMCN-150310-AML-01). The founder mice were back-
crossed to C57/BL6 mice, and F3 offspring male mice were
used for analysis. The tail DNA of pups was genotyped by
PCR and then confirmed by DNA sequencing analysis. The
db/db mice were purchased from The Jackson Laboratory
(Bar Harbor, ME). If not specified elsewhere, all of the
mice were male at the ages of 8–12 weeks. For the high-
fat diet (HFD)–induced insulin-resistant mouse model,
8–10-week-old male mice were fed with HFD (42% kcal
from fat, TD.88137; Envigo) or control low-fat diet (LFD;
13% kcal from fat, TD08485; Envigo) for 6 months. For
glucagon-tolerant tests, mice after an 18-h fast were i.p.
injected with glucagon of 16 mg/kg body weight, and
blood glucose was measured with a glucometer (Elite XL;
Bayer). The dose of glucagon used was based on a recent
report (28).

Generation of Phosphospecific Antibodies for Foxo1
We synthesized two peptides of human Foxo1 correspond-
ing to residues 143–162 (GPLAGQPRKSpSSSRRNAWGN)
and 265–285 (KSRSRAAKKKApSLQSGQEGAG), where “p”
indicates the site of phosphorylation (S153 and S276). The
peptides were conjugated to both keyhole limpet hemocy-
anin and BSA and used to immunize rabbits at Covance
(Denver, PA; Custom Immunology Service, CRPQ20383-
01P), as previously described (18).

Blood Chemistry and Metabolic Analysis
Serum was analyzed for insulin (Crystal Chem) and glu-
cagon (Alpco) using commercial protocol and reagents.
Blood glucose was measured using a glucometer (Bayer).
For glucagon stimulation experiments, 8–12-week-old
mice were subjected to an 18-h fasting, injected i.p. by
glucagon (pharmaceutical grade, 0.25 mg/kg body weight),
and blood glucose monitored. For GCGR antagonist in-
jection, 6-h fasted control mice were i.v. injected with
GCGR antagonist ([des-His1, Glu9]-glucagon amide; 1 mg/kg
body weight).

Protein Analysis and Western Blotting
Proteins were prepared from cells or livers, resolved by
SDS-PAGE, and transferred to nitrocellulose membrane
for immunoblotting analysis using specific antibodies, as
previously described (29). The signal intensity was mea-
sured and analyzed by ImageJ software (National Insti-
tutes of Health).
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Nuclear and Cytoplasmic Protein Extraction
Nuclear and cytoplasmic proteins from HepG2 or liver
tissue were extracted with NE-PER nuclear (NER) and
cytoplasmic (CER-I and CER-II) extraction reagent (Pierce),
as previously described (29).

Gluconeogenesis, Glycogenolysis, and HGP Assay
The primary mouse hepatocytes were isolated from 8–12-
week-old mice via 0.05% collagenase (type 1; Worthington
Biochemical) and cultured as previously described (16). For
HGP assays, freshly isolated hepatocytes were resuspended
in DMEM with 2% FBS for 4 h, then rinsed with PBS, and
cultured in HGP buffer (118 mmol/L NaCl, 2.5 mmol/L
CaCl2, 4.8 mmol/L KCl, 25 mmol/L NaHCO3, 1.1 mmol/L
KH2PO4, 1.2 mmol/L MgSO4, 10 mmol/L ZnSO4, 0.6%
BSA, 10 mmol/L HEPES, 10 mmol/L sodium DL-lactate,
and 5 mmol/L pyruvate, pH 7.4) in the presence or absence
of 100 nmol/L glucagon or 8-Br–cAMP. Cell culture me-
dium was collected at 3 and 6 h and glucose in the medium
measured according to the manufacturer’s protocol using
Amplex Red Glucose Assay (Invitrogen) (30,31). For gly-
cogenolysis assay, lactate and pyruvate in the HGP buffer
were removed and glucose release into the medium mea-
sured after treatments.

Quantitative Real-time PCR
RNAwas extracted with TRIzol reagent (Invitrogen), cDNA
synthesis used the Super-Script first-strand synthesis sys-
tem (Bio-Rad), and gene expression was measured with
the SYBR Green Supermix system (Bio-Rad), as previously
described (29).

Gene Transfection and Luciferase Reporter Gene
Assay and Confocal Fluorescent Microscope
HepG2 cells were cultured with DMEM with 10% FBS for
6 h. Cell cultures were then subjected to Lipofectamine
3000 (Life Technologies) with plasmids according to the
manufacturer’s instruction. The dual-luciferase reporter
assay system from Promega was purchased, luciferase
activity measured with an Optocomp-I luminometer
(MGM Instruments), and cells expressing eGFP and
eGFP-Foxo1 visualized with the confocal microscope
(Leica Biosystems) and calculated as previously described
(32).

Statistical Analysis
The comparison of differences between two groups was
performed using a Student two-tailed t test to determine
the significance (26). ANOVA tests were used when com-
paring two groups among multiple groups. All data are
presented as mean 6 SEM. A P value ,0.05 was consid-
ered statistically significant.

RESULTS

Hepatic Foxo1 Is Involved in Glucagon-Induced
Glucose Production in Mice
Previous studies from our group and others have shown
that liver-specific Foxo1 knockout mice (L-F1KO) or he-
patic Foxo1 suppression exhibited a 15–20% reduction

in blood glucose as compared with control mice
(16,17,33). To determine whether Foxo1 is involved in
the action of glucagon-mediated blood glucose homeo-
stasis, we administered glucagon i.p. in L-F1KO and
control-fed mice. Glucagon significantly increased blood
glucose by 32% in control mice 60 min after glucagon
injection, but the increased potential in L-F1KOmice was
21%, with a significant reduction compared with control
mice (Fig. 1A). We next performed the glucagon tolerance
test in the mice in the fasting state. Both control and
L-F1KO mice exhibited an ;1.7-fold elevation in blood
glucose 15 min after glucagon injection. Importantly,
the ability of blood glucose increase was maintained in
60 min after glucagon injection in control mice; however,
L-F1KO mice exhibited a 50% reduction in blood glu-
cose after glucagon stimulation compared with control
mice (P , 0.05) (Fig. 1B). Gene expression analysis
indicated that glucagon stimulated hepatic gene tran-
scriptional levels of Igfbp-1, G6pc, and Pck1 in control
mice by 4.4-, 2.6-, and 2.0-fold, respectively. However,
glucagon stimulation on Igfbp-1, G6pc, and Pck1 was
3.2-, 2.0-, and 1.8-fold, respectively, in L-F1KO liver,
exhibiting significant reductions compared with control
(Fig. 1C–E).

To determine whether Foxo1 deficiency impairs glucagon-
mediated glucose production via glycogenolysis and glu-
coneogenesis in an autonomous manner in hepatocytes,
we measured HGP with glucagon treatment in primary
hepatocytes isolated from L-F1KO and control mice.
Glucagon significantly increased HGP by 42% in control
hepatocytes and by 35% in L-F1KO hepatocytes, exhibit-
ing a 28% reduction in L-F1KO cells (Fig. 1F). Both
glycogenolysis and gluconeogenesis contribute to HGP;
L-F1KO cells exhibited a 50% reduction in glucagon-
stimulated gluconeogenesis compared with control (46%
stimulation in control vs. 23% in L-F1KO; P, 0.01). Glu-
cagon significantly increased glycogenolysis by 21% in
control cells; L-F1KO hepatocytes had no blockage for
glucagon, even though the basal level of glycogenolysis
was 29% lower in L-F1KO than control cells (71 6 4.2
mmol/h/g protein vs. 50 6 4.9 mmol/h/g protein; P ,
0.01) (Fig. 1F). Taken together, these data indicate that
Foxo1 deficiency impaired glucagon-induced liver gene ex-
pression, gluconeogenesis, and blood glucose.

Insulin and Glucagon Exhibit an Opposite Effect on
Foxo1 Stability in Hepatocytes
We next examined the effect of insulin versus glucagon on
Foxo1 regulation in hepatocytes. HepG2 cells were cul-
tured and treated the hormones over a 6-h time course.
Insulin treatment for 3 h significantly reduced total Foxo1
protein by 20%. However, glucagon treatment for 3 h
significantly increased total Foxo1 protein by 1.7-fold
(Fig. 2A and B). The phosphorylation level of Foxo1 at
S256 was increased 2.5-fold by insulin for 3-h treat-
ment and persisted up to 6 h, whereas glucagon barely
stimulated Foxo1-S256 phosphorylation even that the
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phosphorylation was slightly reduced at 3 h of treatment
(Fig. 2A and C). Insulin treatment for 15 min increased by
23-fold on Akt phosphorylation at T308, which was in-
creased 5-fold by glucagon when compared with the basal
level of Akt phosphorylation in cells (Fig. 2A and D). By

contrast, insulin barely increased phosphorylation of CREB
at S133, a target of PKA, but glucagon treatment for
15 min significantly increased CREB-S133 phosphoryla-
tion by 1.5-fold without changing the total CREB protein
level (Fig. 2A, B, and E). Moreover, Foxo1 mRNA levels

Figure 1—The effect of hepatic Foxo1 deletion on glucagon-induced glucose production and gluconeogenesis. A: Blood glucose level in
random-fed mice in 1 h after i.p. injection of 0.25 mg/kg body weight glucagon. Ten-week-old mice per treatment. n = 6 mice/group.
*P , 0.05 vs. control mice (CNTR); #P , 0.05 for the comparison of designated groups. B: Glucagon tolerance tests for mice after an
18-h overnight fast. Blood glucose levels (mean6SEM) were determined at the indicated time points after i.p. injection of 16mg/kg body weight
glucagon. n = 6 mice/group. *P , 0.05 vs. CNTR. C–E: Quantitative RT-PCR analyses of the livers of mice with i.p. injection of 0.25 mg/kg
body glucagon for 1 h. n = 3 mice/treatment. *P , 0.05 vs. CNTR; #P , 0.05 for the comparison of designated groups. F: HGP,
glycogenolysis, and gluconeogenesis in primary hepatocytes. Cells were isolated from WT or L-F1KO mice, cultured in DMEM with 2%
FBS medium for attachment for 4 h, and then switched to HGP buffer with or without pyruvate substrate. HGP was measured 3 h after
100 nmol/L glucagon stimulation and normalized to total protein levels. n = 3/group. *P , 0.05 vs. CNTR; #P , 0.05 vs. L-F1KO.
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were unaffected by glucagon in HepG2 cells (Fig. 2F). These
results prompted us to hypothesize that glucagon may
promote Foxo1 stability through activation of PKA and
control Foxo1 target gene expression, impelling us to
assess the impact of Foxo1 in glucagon-regulated HGP
in vivo.

PKA Stimulates and Akt Inhibits the Foxo1-Regulated
Reporter Gene Activity
PKA and Akt serve as important downstream effec-
tors in glucagon and insulin signaling, respectively, in
control of glucose homeostasis (15,34). In order to de-
termine whether PKA affects Foxo1-mediated gene

Figure 2—Regulation of Foxo1 stability and activity by insulin and glucagon in hepatocytes.A: Insulin and glucagon signaling in HepG2 cells.
Cells were cultured in DMEMwith 10% FBS and then starved in DMEMwith 1% BSAmedium overnight prior to the treatment of 100 nmol/L
insulin or 100 nmol/L glucagon over a 6-h time course. Western blotting was performed with 150 mg protein of cell lysates to detect total
Foxo1 (t-Foxo1), Akt, CREB, phosphorylated (p)Foxo1-S256, pAkt-T308, and pCREB-S133. Quantification of t-Foxo1/GAPDH (B), pFoxo1-
S256/t-Foxo1 (C), pAKT-T308/Akt (D), and pCREB-S133/CREB (E) from A was performed using ImageJ. Results are presented as mean 6
SEM. *P , 0.05 vs. 0-min treatment. n = 3 experiments. F: The mRNA expression of Foxo1 in HepG2 cells. HepG2 cells were cultured in
DMEM with 10% FBS and then starved in DMEM with 1% BSA medium overnight prior to the treatment of 100 nmol/L glucagon over a 6-h
time course. The Foxo1 mRNA level was detected by quantitative PCR. n = 3 experiments. CNTR, control.
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Figure 3—Identification of novel phosphorylation sites of Foxo1 by PKA. A: PKA activates and Akt inhibits Igfbp-1 promoter activity in cells.
HepG2 cells were cultured in a six-well plate with DMEM with 10% FBS and then transfected with 0.5 mg Igfbp-1–Luc reporter gene and
0.1mg RL-luc internal control together with 0.5mg expression vector for GFP, PKAc,Myr-Akt, hemagglutinin (HA)-Foxo1, or a combination
of the two as designated. Cell lysates were prepared for luciferase assays and protein levels of PKA, Akt, Foxo1, or b-actin determined by
Western blotting from 20 mg of total protein. n = 3 experiments. Values are fold changes of luciferase activity relative to GFP group and
presented as mean 6 SEM. *P , 0.05 vs. GFP; #P , 0.05 vs. Foxo1. B: Putative phosphorylation sites of Foxo1 by PKA among different
species. C: PKA phosphorylates Foxo1 in vitro. A total of 20 mg of recombinant Foxo1-GST was mixed with 5 units (0.5 mg) recombinant
active PKAc with or without 0.1 mmol/L ATP for 30 min at 30°C and then the Foxo1-GST and PKAc were resolved in SDS-PAGE after the
Coomassie Brilliant Blue staining. The intact Foxo1-GST (105 kDa) or cleaved Foxo1 (60 kDa) was incised from the gel and subjected to
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transcriptional activity in hepatocytes, we transfected
HepG2 cells with the Igfbp-1–luciferase reporter gene
construct with plasmid DNA expressing control GFP,
PKAc, or constitutively active Akt (Myr-Akt), and then
luciferase activities were measured. Overexpression of
PKAc alone increased the basal promoter activity by at
least twofold, whereas overexpression of the active form
of Akt (MyrAkt) inhibited the promoter activity by 55%
(Fig. 3A). Moreover, expression of Foxo1 alone increased
Igfbp-1 promoter activity by 2.9-fold, and coexpressing
PKAc and Foxo1 resulted in a robust increase of Igfbp-1
promoter activity, at least by .10-fold. By contrast,
co-overexpression of Myr-Akt and Foxo1 almost com-
pletely diminished the Foxo1-stimulated Igfbp-1 pro-
moter activity (Fig. 3A). Together, these data suggest
that PKA had an additive effect on promoting Foxo1-
stimulated Igfbp-1 promoter activity.

Identification of Novel Serine/Threonine
Phosphorylation Sites of Foxo1 by PKA
Analysis of Foxo1 phosphorylation sites (https://scansite4
.mit.edu/4.0/#home) revealed that human Foxo1 contains
three PKA consensus sequences (R/KXRT/S, R is arginine,
K is lysine, and X is any amino acid), located at Ser153,
Thr182, and Ser276, which are evolutionarily conserved across
species (Fig. 3B). We hypothesize that glucagon-activated
PKA phosphorylates Foxo1 via these putative PKA phos-
phorylation sites and enhances Foxo1 stability and tran-
scriptional activity.

Next, we performed an in vitro kinase assay to de-
termine whether PKA can directly phosphorylate Foxo1.
GST–fused Foxo1 (Foxo1-GST) and active PKAc were in-
cubated in a protein kinase assay buffer system and then
resolved by SDS-PAGE followed by the Coomassie Brilliant
Blue staining. Phosphorylated Foxo1 fragment (60 kDa) by
PKAc slightly upshifted in mobility (Fig. 3C). The Foxo1-
GST protein (105 kDa) and Foxo1 fragment (60 kDa) were
incised from the gel and subjected to LC–tandem MS
(MS/MS) analyses. The results from Mascot analysis of
MS of PKAc with or without ATP-treated samples indi-
cated a presence and high score for Foxo1-S276 phosphor-
ylation, a low score for Foxo1-S153 phosphorylation, and
no presence and score for T182 phosphorylation (Fig. 3D).
Based on these results, we generated the phosphospe-
cific antibody against human Foxo1-S276 or Foxo1-
S153, which is equivalent to mouse Foxo1-S273 or
S150, respectively. In HepG2 cells, glucagon significantly

stimulated the phosphorylation of Foxo1-S273 and
S153 by 2.5- and 1.5-fold, respectively (Fig. 3E). The
phosphorylation of S276 and S153 by glucagon was blocked
when PKA catalytic subunit C was knocked down by small
interfering RNA (siRNA) (Fig. 3E). The knockdown of PKA
markedly decreased glucagon-stimulated CREB phosphor-
ylation and Foxo1 protein level, suggesting that PKA is
essential for maintaining Foxo1 protein stability (Fig. 3E).
We further confirmed these findings in mouse primary
hepatocytes; glucagon treatment enhanced the phosphor-
ylation of Foxo1 at S273 and S150, as well as total Foxo1
protein levels, whereas these effects of glucagon were
abolished in the cells when treated with H89, a PKA
chemical inhibitor (Fig. 3F). In mouse liver, glucagon in-
jection resulted in a 3.8-fold increase in Foxo1-S273
phosphorylation and a 1.6-fold increase in Foxo1-S150
phosphorylation (Fig. 4A). Moreover, we administered
GCGR antagonist into WT mice and examined whether
endogenous Foxo1 protein level is regulated by the glu-
cagon receptor in the liver. Intravenous injection of GCGR
antagonist ([des-His1, Glu9]-Glucagon amide) resulted in
a 20% decrease in blood glucose (Fig. 4B and C), as well as
a 60% decrease of CREB phosphorylation, 55% decrease in
Foxo1-S273 phosphorylation, and 35% decrease in total
Foxo1 protein level, whereas Foxo1-S150 phosphorylation
was barely affected compared with vehicle treatment (Fig.
4D). These results suggest that glucagon signaling via its
receptor and PKA stimulates hepatic Foxo1 phosphoryla-
tion at S273, enhancing Foxo1 stability.

Human Foxo1-S276 Phosphorylation Promotes Foxo1
Nuclear Localization
We next examined whether the newly identified Foxo1
phosphorylation sites play a role in Foxo1 nuclear/
cytoplasmic trafficking and stability in cells. We gener-
ated plasmid DNA expressing GFP-Foxo1-WT, GFP-Foxo1-
S153A, or GFP-Foxo1-S276A, in which serine residue
was substituted with an alanine (A) at S153 or S276 to
block phosphorylation, whereas GFP-Foxo1-S153D or
GFP-Foxo1-S276D containing an aspartate (D) substitu-
tion to mimic phosphorylation by introduction of a nega-
tive charge. HepG2 cells were transfected with one of these
plasmids and then stimulated with 8-Br–cAMP for 15 min
prior to confocal imaging. In cells that overexpressed
Foxo1-WT, Foxo1 localized in both cytoplasm and nucleus
at the basal level, but cAMP stimulation promoted Foxo1
nuclear localization. However, cAMP-induced Foxo1

LC-MS/MS. D: MS/MS spectra of peptide containing S153 and S276 of Foxo1. Antibodies against phosphorylated Foxo1 at S153 and S276
were generated. E and F: Phosphorylation of Foxo1-S276 and S153 by glucagon in cells. E: HepG2 cells were transfected with either
scramble siRNA or siRNA–PKA catalytic subunit C (PKACB) for 24 h and then treated with or without 100 nmol/L glucagon for 60 min.
Quantification of total Foxo1 (t-Foxo1), phosphorylated (p)Foxo1-S276, pFoxo1-S153, pCREB, and CREB was performed using ImageJ and
normalized by GAPDH. *P, 0.05 vs. scramble siRNA; #P, 0.05 vs. scramble siRNA + glucagon. n = 3 experiments. F: Primary hepatocytes
were cultured and treatedwith either 100 nmol/L glucagon or 10mmol/L 8-Br–cAMP for 30min or 10mmol/L PKA inhibitor H89 for 30min prior
to 60 min of 100 nmol/L glucagon treatment. Phosphorylation of Foxo1-S150 and S273 were analyzed by Western blotting using antibodies
at 1:500 dilution. Quantification of pFoxo1-S273, pFoxo1-S150, and t-Foxo1 was performed using ImageJ and normalized by b-actin. n =
3 experiments. *P , 0.05 vs. vehicle; #P , 0.05 vs. glucagon.
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nuclear localization was blocked by S276A mutation, in
which overexpressed Foxo1-S276A dispersed primarily
within the cytoplasm. Conversely, Foxo1-S276D primarily
localized in the nucleus (Fig. 5). Compared with Foxo1-WT,
Foxo1-S153A or S153D did not exhibit distinct differences
in Foxo1 subcellular localization in cells, and overex-
pressed Foxo1-S153A and 153D were primarily located
to the nucleus in responses to cAMP, similar to Foxo1-WT
(Fig. 5). Thus, these results suggest that Foxo1-S276

phosphorylation is crucial for mediating cAMP-stimulated
Foxo1 nuclear localization.

To confirm the Foxo1 subcellular localization upon
glucagon or cAMP stimulation, we extracted nuclear and
cytoplasmic protein from cells for Foxo1 analysis. Gluca-
gon or cAMP stimulated endogenous Foxo1 nuclear local-
ization by nearly threefold compared with vehicle control
group (Fig. 6A) (P , 0.05). By contrast, insulin reduced
nuclear total Foxo1 by 25% (Fig. 6A). These data indicate

Figure 4—Glucagon promotes phosphorylation of Foxo1-S153 and S276 in vivo. A: Random-fed mice were i.p. injected with glucagon
at 0.25 mg/kg body weight, and the liver was collected 15 min after injection to determine hepatic Foxo1 phosphorylation at S150 and
S273 by using Western blotting. Quantification of phosphorylated (p)Foxo1-S273 and pFoxo1-S150 was performed using ImageJ and
normalized by b-actin. *P , 0.05 vs. vehicle. n = 4–6 mice/group. B–D: Eight-week-old WT mice were i.v. injected with GCGR antagonist
([des-His1, Glu9]-Glucagon amide; 1 mg/kg body weight) after 6 h fasting. B: Blood glucose level was measured at the indicated time
points. *P , 0.05 vs. vehicle. n = 4–6 mice/group. C: Area under the curve (AUC) from B was calculated. *P , 0.05 vs. vehicle. n = 4–6
mice/group. D: Liver was collected 45 min after [des-His1, Glu9]-Glucagon amide injection to determine hepatic total Foxo1 (t-Foxo1)
and Foxo1 phosphorylation at S150 and S273 by usingWestern blotting. Quantification of t-Foxo1, pFoxo1-S273, pFoxo1-S150, pCREB,
and CREB was performed using ImageJ and normalized by GAPDH. *P , 0.05 vs. vehicle. n = 4–6 mice/group.
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that either glucagon or cAMP induced Foxo1 nuclear
localization, which is distinct from insulin.

Foxo1-S276 Phosphorylation Enhances Foxo1 Stability
in Cells
We next further focused on Foxo1-S276 phosphorylation
in control of Foxo1 stability in cells. HepG2 cells were
transfected with plasmid DNA that expresses Foxo1-WT,
Foxo1-S276A, or Foxo1-S276D and then stimulated with
glucagon for 30 min followed by nuclear and cytoplasmic
protein extraction. In Foxo1-WT–transfected cells, gluca-
gon increased total Foxo1 protein in the nucleus by 1.5-
fold (Fig. 6B and C). Importantly, Foxo1-S276D protein,
which mimics S276 phosphorylation with introduction of
a negative charge, increased total Foxo1 protein abun-
dance in both nucleus and cytoplasm, mimicking the ef-
fect of glucagon on Foxo1 nuclear localization (Fig. 6B).
By contrast, Foxo1-S276A, which contains a substitution

of alanine, largely prevented glucagon-stimulated Foxo1
nuclear localization (Fig. 6C).

To further examine the mechanism of Foxo1-S276
phosphorylation in control of Foxo1 stability, we trans-
fected with an equal amount of Foxo1 gene construct with
HepG2 cells and then treated cells for 8 h with MG132,
a 26S proteasome complex inhibitor, preventing Foxo1
protein ubiquitination or cycloheximide (CHX), a protein
synthesis inhibitor, inhibiting Foxo1 protein synthesis.
When Foxo1-WT, Foxo1-S276A, or Foxo1-S276D plasmid
DNA was transfected, the total Foxo1 protein in Foxo1-
S276A group was reduced by 50% compared with overex-
pressed Foxo1-WT (P , 0.05) (Fig. 6D). However, in the
MG132-treated group, the reduction of Foxo1-S276A pro-
tein was totally prevented, Foxo1-S276A protein was re-
stored and stabilized to a normal level when compared
with Foxo1-WT, and there was no significant difference
in total Foxo1 protein levels observed in all of the cells

Figure 5—Foxo1-S276 phosphorylation controls cAMP-induced Foxo1 nuclear localization in hepatocytes. HepG2 cells were transfected
with 5 mg plasmid DNA expressing GFP-Foxo1-WT, S276A, S276D, S153A, or S153D for 18 h and then treated with or without 10 mmol/L
cAMP for 30min. GFP-positive cells were displayed, stainedwith DAPI for nucleus, and analyzed under confocal microscope. Representative
images are shown.
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Figure 6—Glucagon or cAMP stimulates Foxo1 nuclear localization and Foxo1-S276 phosphorylation, enhancing Foxo1 stability in
hepatocytes. A: HepG2 cells were transfected with 5 mg plasmid DNA expressing hemagglutinin (HA)-Foxo1 for 18 h and then treated
with 100 nmol/L glucagon, 10 mmol/L cAMP, or 100 nmol/L insulin for 30 min prior to extraction of nuclear (N) and cytoplasmic (C) proteins. A
total of 20 mg nuclear protein or 100 mg cytoplasmic protein was immunoblotted to determine the abundance of total Foxo1 (t-Foxo1) in
nucleus or cytoplasm. Signal intensity was quantified by ImageJ software for statistical comparison. Cytoplasmic and nuclear protein levels
were normalized by GAPDH and histone H1, respectively. n = 3 experiments. *P , 0.05 vs. vehicle in cytoplasm; #P , 0.05 vs. vehicle in
nucleus. B and C: Distribution of Foxo1-S276 mutant proteins in the nucleus and cytoplasm of cells. HepG2 cells were transfected with 5 mg
plasmid DNA expressing Foxo1-WT, S276A, or S276D for 18 h and then treatedwith or without 100 nmol/L glucagon (Glc) for 30min. Nuclear
(N) or cytoplasmic (C) protein was extracted to determine protein abundance of Foxo1-S276 mutants in nucleus and cytoplasm.
Representative images are shown in B and C, and signal intensity was quantified by ImageJ software for statistical comparison. n =
3 experiments. *P , 0.05 vs. vehicle in cytoplasm; #P , 0.05 vs. vehicle in nucleus. D: Foxo1-S276 mutations influence Foxo1 stability in
a proteasome-dependent manner. Western blotting was performed to detect t-Foxo1 abundance in HepG2 cells that was transfected with
the same amount of plasmid DNA expressing Foxo1-WT, S276A, or S276D for 10 h, and cells were then starved for 8 h and treated with
10 mmol/L CHX or 10 mg/mL MG132 (MG) for 6 h prior cellular protein collection. Representative images are shown. Signal intensity was
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transfected with Foxo1-WT, S276A, or S276D (Fig. 6D).
Moreover, when Foxo1 protein synthesis was inhibited
by CHX in cells, the remaining Foxo1 protein level in the
Foxo1-S276D group increased by 40%, whereas it decreased
by 44% in the Foxo1-S276A group compared with the
Foxo1-WT group (Fig. 6D). These data suggest that Foxo1-
S276 phosphorylation promoted Foxo1 stability, whereas
nonphosphorylation of S276 enhanced 26S proteasome-
dependent degradation of Foxo1.

Foxo1-S276 Phosphorylation Impairs Insulin-Induced
Foxo1 Ubiquitination and Foxo1 Nuclear Export
We next determined whether Foxo1-S276 phosphoryla-
tion or Foxo1-S276D affects insulin-induced Foxo1 ubiq-
uitination in cells. HepG2 cells were transfected with an
equal amount of Foxo1-WT or S276D plasmid DNA to-
gether with ubiquitin for 10 h, then stimulated with
insulin for an additional 12 h, and then total cellular
proteins were extracted for analysis. Western blotting
analysis revealed that insulin reduced total Foxo1 protein
by 50% in Foxo1-WT– or S276A-expressed cells, whereas
the effect of insulin was abolished in cells expressing
Foxo1-S276D mutant (Fig. 6E).

We further assessed whether Foxo1-S276 phosphory-
lation or Foxo1-S276D affects insulin-induced Foxo1 nu-
clear translocation in cells. HepG2 cells were transfected
with an equal amount of Foxo1-WT or S276D plasmid
DNA for 18 h and then stimulated with insulin over a 120-
min time course. Upon insulin stimulation for either 90 or
120 min, Foxo1-WT protein was primarily located in the
cytoplasm (Fig. 7A–C). Foxo1-S276D protein primarily
localized at both cytoplasm and nucleus with increased
levels compared with Foxo1-WT. However, Foxo1-S276D
largely blocked insulin-stimulated nuclear export, partic-
ularly at 120-min treatment of insulin (Fig. 7A), which was
confirmed by Western blotting. Moreover, the blotting
result showed that the cytoplasmic Foxo1-S256 phosphor-
ylation by insulin for a 90- or 120-min treatment was
significantly impaired by S276D mutation because the
basal level of Foxo1-S256 phosphorylation was higher in
S276D than WT in cells (Fig. 7B and C). These results
reveal that Foxo1-S276 phosphorylation or aspartate mu-
tation promoted Foxo1 nuclear localization and stability
and impaired the ability of insulin to induce Foxo1 nuclear
export and/or degradation, which may serve as a mecha-
nism for insulin resistance at the Foxo1 level.

Foxo1-S273 Phosphorylation Controls Blood Glucose
Homeostasis and Hepatic Glucose Production in Mice
To further explore the physiological function of equivalent
human Foxo1-S276 in glucose metabolism in mice, we

used the CRISPR/Cas9 approach to generate Foxo1-S273A
and Foxo1-S273D KI mice, in which the endogenous
Foxo1-S273 alleles were replaced by alanine (A) or aspar-
tate (D) mutations (Supplementary Fig. 1). All of the mice
survived with no obvious physiological deficiency. The
feeding blood glucose increased by 20% in Foxo1-
S276D/D mice, and there was no change in Foxo1-
S276A/A mice compared with control. The fasting blood
glucose increased by 31% in Foxo1-S276D/D mice but
decreased significantly by 10% in Foxo1-S276A/A mice
(Fig. 8A). Hepatic Igfbp-1 and G6pc mRNA expression
significantly increased by 4.5- and 2.1-fold in the liver
of Foxo1-S273D/D compared with control liver, respec-
tively. However, there was a 25% reduction for both
gene expression in S273A/A liver compared with control
liver (P , 0.05) (Fig. 8B). The total Foxo1 protein level in
the liver was increased by 2.6-fold in Foxo1-S273D/D mice,
but reduced by 40% in Foxo1-S273A/A mice when com-
pared with control (P , 0.05) (Fig. 8C).

We further assessed the direct role of Foxo1-S273
phosphorylation in control of HGP using the primary
hepatocytes isolated from Foxo1-S273A/A, S273D/D, and
WT mice. The basal level of HGP was increased by 46% in
Foxo1-S273D/D hepatocytes, but the basal potential was
reduced by 40% in Foxo1-S273A/A hepatocytes, compared
with control hepatocytes (P , 0.01) (Fig. 8D). Upon
glucagon stimulation, HGP was increased by 53% in con-
trol hepatocytes; however, this stimulatory effect was
significantly impaired or attenuated by either Foxo1-
S273D or S273A mutation, which exhibited an increase by
41% or 20%, respectively (P , 0.01) (Fig. 8D). Glucagon-
stimulated glycogenolysis barely impaired by Foxo1 mu-
tation in the cells.

We next performed glucagon tolerance tests in Foxo1-
S273A/A, S273D/D, and WT mice in the fasting state. Both
WT and Foxo1-S273D/D mice exhibited a 1.8-fold in-
crease, and Foxo1-S273A/A mice had a 1.6-fold increase
in blood glucose after 15 min of glucagon injection,
indicating that Foxo1-S273A/A mutant impaired glucagon
stimulation of blood glucose. Importantly, in WT and
Foxo1-S273A/A mice, blood glucose returned to initial
level 60 min after glucagon injection; however, high blood
glucose level was maintained in Foxo1-S273D/D mice,
indicating that Foxo1-S273D/D mutant prolonged gluca-
gon stimulation of blood glucose (P , 0.05) (Fig. 8E and
F). The impaired effects of glucagon stimulation on HGP
and blood glucose by Foxo1 mutations at S273 suggest
the important role of Foxo1-S273 phosphorylation plays
in glucagon signaling in control of hepatic gluconeogen-
esis and blood glucose.

quantified and normalized by a-actinin for statistical analysis. *P, 0.05 vs. Foxo1-WT; #P, 0.05 for the comparison of designated groups.
n = 3 different experiments. E: Foxo1-S276 mutations influence insulin-induced Foxo1 ubiquitination. HepG2 cells were cotransfected with
eGFP expression vectors encoding WT Foxo1, Foxo1-S276D, or Foxo1-S276A and/or FLAG-ubiquitin for 10 h; cells were starved for 12 h
and then treated with 100 nmol/L insulin for 12 h. Quantification of t-Foxo1 normalized by a-actinin was performed using ImageJ. *P, 0.05
vs. Foxo1-WT and FLAG-ubiquitin group; #P , 0.05 for comparison of designated groups. n = 3 different experiments.
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Figure 7—Foxo1-S276D impairs insulin-stimulated Foxo1 nuclear export in hepatocytes. A: HepG2 cells were transfected with 5 mg plasmid
DNA expressing eGFP-Foxo1-WT or eGFP-Foxo1-S276D for 18 h, and cells were then serum starved for 8 h prior to 100 nmol/L insulin
treatment for 0, 30, 90, or 120 min. The GFP-positive cells were displayed, stained with DAPI for nucleus, and analyzed under the
confocal microscope. Representative images are shown. B: HepG2 cells were transfected with 10 mg eGFP expression vectors encoding
Foxo1-WT or Foxo1-S276D for 18 h and followed by 8-h serum starvation prior to 100 nmol/L insulin (Ins) stimulation for 90 and 120 min.
Western blotting was performed for total Foxo1 (t-Foxo1) and phosphorylated (p)Foxo1-S256 in cytoplasm (C) and nucleus (N). C:
Quantification of t-Foxo1 and pFoxo1-S256/t-Foxo1 was performed by ImageJ. Cytoplasmic (C) and nuclear (N) protein levels were
normalized byGAPDHand histoneH1, respectively. Results are presented asmean6SEM. n = 3 different experiments. *P, 0.05 vs. 0min of
insulin treatment from Foxo1-WT in cytoplasm; #P , 0.05 vs. 0 min of insulin treatment from Foxo1-WT in nucleus.
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Figure 8—Foxo1-S273mutations impair blood glucose andHGP inmice.A: Blood glucose levels of random-fed or 18-h–fastedmice. n = 4–6
mice/genotype. *P , 0.05 vs. WT mice. B: Quantitative PCR analysis of expression of Igfbp-1 and G6pc in the liver of 18-h–fasted mice.
n = 4 mice/genotype. *P , 0.05; **P , 0.01 vs. WT mice. C: Foxo1 protein levels in the livers of the mutant mice. Western blotting results
from two mice per genotype are shown representatively. *P , 0.05; **P , 0.01 vs. WT. n = 4/group. D: HGP assays in the primary hepato-
cytes isolated from WT, Foxo1-S273A/A, and Foxo1-S273D/D KI mice. Fresh hepatocytes were isolated from these mice, and HGP were
measured 3 h after 100 nmol/L glucagon stimulation and normalized to total protein levels. n = 3/treatment. *P , 0.05 vs. WT with vehicle
group; #P , 0.05 for the comparison of designated groups. E and F: Glucagon tolerance tests. E: Glucagon tolerance tests for mice after
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Foxo1-S273 Phosphorylation Increases in the Liver of
db/db and HFD-Fed Mice
Finally, we examined Foxo1-S273 phosphorylation in the
liver of db/db diabetic mice, as well as HFD-induced in-
sulin-resistant mice. The db/db mice exhibited elevations
in blood glucagon, glucose, and serum insulin by 3-, 3-, and
10-fold, respectively, compared with control mice (Fig.
8G). Moreover, total Foxo1 protein and S273 phosphor-
ylation significantly increased in the liver of db/db mice
and accumulated in the nucleus (Fig. 8H). In parallel with
increased Foxo1-S273 phosphorylation, PKA-T197 phos-
phorylation indicative of PKA activity was also markedly
enhanced in both nucleus and cytoplasm in the liver of
db/dbmice (Fig. 8I). The HFD-fed mice exhibited increased
blood glucagon, glucose, and serum insulin by 1.8-, 1.4-,
and 5-fold, respectively, compared with LFD-fed mice (Fig.
8J). Moreover, total Foxo1 protein and Foxo1-S273 phos-
phorylation significantly increased in the liver of HFD-fed
mice when compared with the LFD-fed liver (Fig. 8K and
L). These data suggest that Foxo1-S273 phosphorylation
and its nuclear retention, along with excess glucagon and
PKA activity, coexist in the liver of animals with type 2
diabetes or insulin resistance.

DISCUSSION

We and other groups have previously established that
insulin phosphorylates human Foxo1-S256 by activation
of Akt that promotes Foxo1 cytoplasmic sequestration or
nuclear export and then suppresses expression of genes
responsible for HGP (12,18,20,21,35). In this study, using
in vitro kinase assay–coupled LC-MS, phosphospecific
antibodies, and CRISPR/Cas9-based Foxo1 KI mutant
mice, we were able to identify a novel molecular, cellular,
and physiological mechanism by which Foxo1 mediates
glucagon signaling via phosphorylation at Ser276 (human)
or Ser273 (mouse) in control of hepatic gluconeogenesis
and blood glucose.

Glucagon has been implicated in the pathogenesis of
diabetic hyperglycemia, largely by enhancing HGP, which
is believed to be a key mechanism for pathogenesis of
diabetes (36). In mice with type 2 diabetes, we recently
demonstrated that hepatic Foxo1 deletion reduced HGP
and blood glucose in db/db mice (16). Given that a high
glucagon level is present in both types of diabetes (6),
hyperactivation of Foxo1 by activated PKA and inactivated
Akt upon insulin resistance or deficiency may serve as

fundamental mechanisms for excess liver gluconeogenesis
resulting in diabetic hyperglycemia.

The mechanism by which Foxo1-S276 phosphorylation
promotes Foxo1 nuclear retention and stability is involved
in the prevention of proteasome-mediated Foxo1 ubiquiti-
nation. We expect that Foxo1-S276 phosphorylation might
enhance its recruitment with a number of cofactors, such
as importin or CREB, to participate in Foxo1 subcellular
trafficking and gene transcription, but detailed molecular
aspects warrant further investigation. By activating heter-
ologous signaling cascades, glucagon primarily activates
PKA and downstream effectors, including glycogen phos-
phorylase for glycogenolysis and CREB for gluconeogenesis
(9,37). Glucagon also minimally activates Akt phosphory-
lation, but its duration and intensity seemed insufficient for
induction of Foxo1-S256 phosphorylation and degradation
(Fig. 2). Thus, insulin is a major hormone for the endog-
enous Akt activation downstream of the IRS1- and 2-
associated phosphoinositide 3-kinase, as we observed in the
liver or heart of male mice (15,26,38). In this study, our
in vitro data established that Foxo1-S276 is a target of PKA
in glucagon signaling and promotes Foxo1 nuclear reten-
tion. Foxo1-S276D mutation mimics Foxo1-S276 phos-
phorylation and promotes Foxo1 nuclear localization
and stability. Moreover, Foxo1-S273D mutation impairs
the ability of insulin-stimulated Foxo1 nuclear export or
cytoplasmic sequestration. This finding suggests a novel
mechanism for insulin resistance when Foxo1-S273 is
phosphorylated. Conversely, Foxo1-S276A mutation, which
blocks phosphorylation, enhances Foxo1 ubiquitina-
tion and/or degradation, a process reversed by the 28S
proteasome inhibitor MG132. This study reveals a unique
mechanism of Foxo1 regulation by which glucagon stim-
ulates HGP via Foxo1 at the posttranslational level.

Foxo1 can be regulated by multiple protein kinases (15).
It has been shown that mitogen-activated protein kinase
phosphorylates Foxo1 at S246, S284, S295, S326, S413,
S415, S429, S467, S475, and T557, and p38a phosphor-
ylates 5 of the 10 sites: S284, S295, S326, S467, and S475
(39). Moreover, these phosphorylation sites are shared by
CaMKII, expression of a Foxo1-S7A mutation (S246A/
S284A/S295A/S413A/S415A/S429A/S475A) attenuated
glucagon-induced Foxo1 nuclear localization, and it is
suggested that CaMKII promotes Foxo1 nuclear localiza-
tion through p38a activation that stimulates hepatic
gluconeogenesis (24,40). The Foxo1-S273 phosphorylation

an 18-h overnight fast. Blood glucose levels (mean6 SEM) were determined at the indicated time points after i.p. injection of 16 mg/kg body
weight glucagon. n = 6 mice. *P , 0.05 vs. WT. F: Area under the curve (AUC) from E was calculated. *P , 0.05 vs. WT. n = 4–6/group. G:
Blood glucagon, insulin, and glucose levels in WT and db/db mice in an 18-h fasting state. **P , 0.01 vs. WT. n = 4 mice/group. H:
Phosphorylated (p)Foxo1-S273, pFoxo1-S253, total Foxo1 (t-Foxo1), pPKA-T179, PKA, histone H1, and GAPDH in 100 mg cytoplasmic
protein (C) and 20 mg nuclear protein (N) of mouse livers were determined by Western blotting. I: Quantification of pFoxo1-S273, pS253,
t-Foxo1, pPKA-T197, or PKA was performed by ImageJ. The cytoplasmic (C) and nuclear (N) protein levels were normalized by GAPDH and
histone H1, respectively. *P , 0.05 vs. WT. n = 3 mice/group. Results are shown as mean 6 SEM. J: Blood glucagon, insulin, and glucose
levels in LFD- and HFD-fed WT mice in an 18-h fasting state. *P, 0.05; **P, 0.01 vs. LFD. n = 4/group. K: pFoxo1-S273, t-Foxo1, pCREB,
and CREB levels of mouse livers were determined by Western blotting. L: Quantification of pFoxo1-S273, t-Foxo1, pCREB, and CREB was
performed by ImageJ. *P , 0.05 vs. LFD. n = 4 mice/group. Results are shown as mean 6 SEM.
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identified as a target of PKA is distinct from these sites, but
whether it is involved by other protein kinases, such as
p38a, remains to be determined.

HGP is generally regulated by direct mechanisms of
insulin action in hepatocytes autonomously (41). Our early
studies suggest that direct hepatocytes signaling via IRS1-
and 2-mediated Akt activation or hepatic Foxo1 suppres-
sion is required for hepatic insulin suppression on HGP
and blood glucose (26). However, a recent report (42)
suggests that an indirect insulin that suppresses free fatty
acid influx to hepatocytes from lipolysis of adipose tissue is
critical for suppression of HGP so that hepatocyte Akt
signaling is dispensable for HGP suppression. Indeed, HGP
can be regulated by indirect insulin action in extrahepatic
tissues nonautonomously (41). In addition, to suppress
glucagon secretion from pancreatic a-cells or antagonize
the effect of cAMP, insulin also suppresses HGP by the
central nervous system in hypothalamic neurons via a vagal
efferent (43). Thus, we do not rule out the possibility of
other tissues including the central nervous system, adipose
tissue, and pancreas on HGP control in the L-F1KO and KI
mouse models, but our data from mouse primary hepato-
cytes do support that the cellular autonomous effect of
glucagon in hepatocytes has critical roles in controlling
Foxo1, gluconeogenesis, and HGP.

Foxo1 has a variety of target genes responsible for
multiple physiological functions in the body (11,15,44,
45). We have recently identified two other Foxo1 target
genes in the liver, such as angiotensinogen, a precursor of
angiotensin II that regulates blood pressure (44). Foxo1
also promotes expression of heme oxygenase-1, reducing
synthesis of heme and mitochondria (46) and driving
bodily metabolic inflammation and insulin resistance in
mice and humans (47). In this study, we demonstrated
a novel regulatory mechanism of Foxo1 by glucagon-
cAMP–PKA signaling in hepatocytes, but we do not rule
out the possibility of a similar Foxo1 regulation by other
hormones via activation of PKA in tissues, including but
not limited to glucagon (48). Indeed, hormones such as
catecholamines or glucocorticoids also increase hepatic
gluconeogenesis or promote insulin resistance under cer-
tain conditions involving activation of PKA, such as stress
(49). Our studies demonstrate that Foxo1 is a mediator of
multiple signaling cascades (e.g., PKA and Akt); it integrates
different hormones and intracellular protein kinases into
the nuclear gene transcriptional programming in control
of insulin sensitivity, HGP, and blood glucose. Thus, Foxo1-
S276 phosphorylation may not only serve as a novel and
important biomarker for Foxo1 stability and bioactivity
contributing to hyperglycemia upon development of di-
abetes, but also provides a potential therapeutic target in
control of Foxo1 stability and activity to prevent diabetes
and associated diseases in the future.
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